The goal of this paper is to determine whether there exist asymmetric shocks and structural differences between the Czech economy and the Euro Area 12. A New Keynesian DSGE model of a small open economy is used for this purpose. Asymmetric shocks and structural differences are examined in two ways. At first, I examine asymmetry of shocks and sources of structural differences, using model comparison based on the Bayes factor. I do not find substantial evidence in favor of heterogeneity in household preferences. I find slight differences in price and wage formation and substantial difference in interest rate smoothing. However, the main differences are in timing, persistence and volatility of structural shocks. I also investigate impact of structural differences and differences in persistence and volatility of structural shocks on the behavior of both economies, using analysis of impulse-response functions. I find no substantial differences in responses of the main variables to preference shocks. On the other hand, I find much larger volatility and persistence of domestic technology shocks. This contributes to the fact that responses of domestic variables to technology shocks are much larger, and display more gradual and hump-shaped pattern than responses of foreign variables. I also find that responses of foreign variables to labour supply shocks are much more gradual and sluggish than responses of domestic variables. As regards monetary shocks, I find that there is almost no response of foreign inflation to foreign monetary shock while response of domestic inflation to domestic monetary shock displays substantial decline followed by gradual recovery. Responses of foreign variables to cost-push shocks are larger and more volatile than responses of domestic variables.
Introduction
Asymmetric shocks and structural differences are regarded as the main causes of a potential suboptimality of common monetary policy. Asymmetry of shocks is defined as differences in timing, magnitude or persistence of structural macroeconomic shocks. Structural differences are then defined as differences in propagation mechanisms of structural shocks. In case of asymmetric shocks and (or) structural differences in a monetary union, applied monetary policy facing structural shocks must be suboptimal for some countries. Therefore, analysis of asymmetric shocks and structural differences plays an important role in evaluating benefits and costs of common currency.
The goal of this paper is to investigate the asymmetric shocks and structural differences between the Czech economy and Euro Area. A New Keynesian DSGE model of a small open economy developed by Justiniano and Preston (2010) is used for this purpose. The model is built on the framework of Galí and Monacelli (2005) , and Monacelli (2003) , who developed an elegant model of small open economy with price rigidity modelled in Calvo style, see Calvo (1983) . The latter paper, building directly on the former, extends the former by introducing an incomplete pass-through. Another extension is brought by Justiniano and Preston (2010a) who extended this framework by allowing for habit formation, price indexation and incomplete asset market. The model of Justiniano and Preston (2010b) used in this study extends the previous one by introducing wage rigidity modelled in Calvo style, following a benchmark for staggered wage contracts from Ergeg, Henderson and Levin (2000) . I have altered this model in a few aspects. Following Adolfson et al. (2008) , I have modified the uncovered interest rate parity condition (UIP condition) by giving a positive weight to the lagged real exchange rate. Following Kolasa (2009) , I also allow for correlations between corresponding shocks in both economies.
Asymmetric shocks and structural differences are examined in two ways. Firstly, I examine asymmetry of shocks and sources of structural differences, using model comparison based on a Bayes factor. In the context of DSGE models, we can view structural differences (asymmetric shocks) as significant differences in values of some structural parameters (parameters related to shocks). Following Kolasa (2009) , I use Bayesian approach for testing significance of these differences. A difference in parameter value is regarded as significant if the data fit of models which allow for different values of this parameter in both economies are better than the data fit of those models with common value of this parameter in both economies. The data fit measure is a Bayes factor (BF) calculated from marginal likelihood, which are acquired from estimation. Secondly, I examine how structural differences and differences in persistence and volatility of structural shocks influence behavior of both economies. I analyze differences in responses of the main macroeconomic variables in both economies to corresponding shocks in these economies, using impulse-response functions.
Related Papers
Much economic research deals with these issues because of their important role in evaluating benefits and costs of common currency. Pauer (1996) provides a nontechnical overview of a role of asymmetric shocks in a debate about benefits and costs of common currency.
Several authors try to determine to what extent are the shocks within EU asymmetric. Bayoumi and Eichengreen (1992) find that shocks are significantly more idiosyncratic across EU countries than across US regions, which may indicate that the EU will find it more difficult to operate a monetary union. On the other hand, Verhoef (2003) shows that symmetries of demand and supply shocks increase over time within EMU. Some studies deal with an adjustment process to asymmetric shocks. Alexius and Post (2008) examine how floating exchange rates respond to asymmetric shocks, and find out that exchange rates display some stabilizing properties but can mainly be characterized as disconnected from the rest of the economy. Amisano, Giammarioli and Stracca (2009) examine the adjustment process to asymmetric shocks in Italy and argue that joining EMU does not alter the adjustment process to idiosyncratic demand and cost push shocks, and that the EMU system is not hit by idiosyncratic monetary shocks anymore. Driver and Wren-Lewis (1999) try to quantify the costs imposed by asymmetric shocks under EMU compared to free floating. Their results suggest that these costs are significantly higher under EMU than under free floating.
Several papers discuss the presence and relative importance of asymmetric shocks and structural differences. Sahuc (2007, 2008) test the structural heterogeneity within Euro Area and come to the conclusion that asymmetric shocks are the main sources of a different behavior of countries in Euro Area, while structural differences play almost no role. Kolasa (2009) investigates structural heterogeneity between Poland and Euro Area and finds out that volatility and synchronization of shocks hitting both economies are the main sources of structural heterogeneity. Pytlarczyk (2005) estimates a two country DSGE model of Germany and the rest of Euro Area. He finds out that the unrestricted model with the stochastic heterogeneity and a different composition of consumption and investment baskets across the regions fits the data better than the restricted model with the stochastic homogeneity and identical composition of these baskets.
Many authors examine structural differences alone. Benigno and López-Salido (2006) find differences in inflation dynamics between Germany on the one side, and France, Italy, the Netherlands and Spain on the other. They discover that inflation dynamics in Germany is characterized by a forward-looking nature of price setting and average duration of prices of about 5 quarters, while the other group of countries is characterized more by a backward-looking nature of price setting and average duration of prices of about 8 quarters. Fabiani and Morgan (2003) examine differences in the relationship between wage growth, inflation and tightness of the labor market across Germany, France, Italy, the Netherlands and Spain. They provide empirical evidence that there exist large differences even across these "core" countries. Angeloni and Ehrmann (2004) try to explain why differences in national inflation rates and growth rates arise within the Euro Area. They find out that the main explanation can be ascribed to differences in inflation persistence. Campa and González Minguez (2006) investigate exchange rate pass-through in Euro Area countries. They find substantial differences across Euro Area countries in the way how a common exchange rate movement gets transmitted into prices. Most of these differences are caused by a distinct degree of openness of each country to non-euro area imports rather than by heterogeneity in the structure of imports. Demertzis and Hugues Hallett (1998) investigate differences in unemployment rates in Europe. They show that disparities in unemployment rates are brought about mainly by differences in labor market fundamentals causing natural rate of unemployment to differ. Asymmetric shocks and policy differences, both causing differences in unemployment gap, play a limited role in explaining unemployment disparities. Cecchetti (1999) provides the evidence that differences in a financial structure influence the transmission mechanism of the monetary policy. He shows that countries with poorer direct capital access, less concentrated and less healthy banking systems display a greater sensitivity of inflation and output to policy changes.
Model
Derivation of the model from microfoundations can be found in Preston (2006, 2010b) . The model is in the log-linear form, so all variables are in the form of log-deviations from their respective steady state, formally
where X is a steady state value. Variables and parameters with the superscript "*"
hold for the foreign economy.
Domestic Block
Log-linear approximation of Euler equation for intertemporal decisions of domestic households is in the form 
where , ) (1
δ is a parameter of domestic price indexation, β is a discount factor, p ε is an elasticity of substitution among domestic
, f is a production function of domestic producers which satisfies usual Inada conditions, t w is a real wage, t a, ε is a domestic technology shock in the form of AR1 process, and
ε is a firm's cost-push shock in the form of IID process, added for estimation purposes.
Importers maximize their profits subject to a set of demand constraints and to the Calvo constraint on the frequency of price adjustment. According to the Calvo constraint, every period only 
. The result of optimal price settings of importers is a rule for development of imported inflation
where , )
δ is a parameter of import's price indexation and
ε is a cost-push shock in the form of AR1 process.
Households maximize their utility function subject to a set of labor demand constraints and to the Calvo constraint on the frequency of wage adjustment. According to the Calvo constraint, only 
. The result of optimal wage settings of households is a rule for development of wage inflation 
where χ is an elasticity of foreign interest rate to debt, q φ is a parameter of modified UIP condition, t s, ε is a risk premium shock in the form of AR1 process and t a is a real net foreign asset position expressed as a fraction of domestic output steady state which has to satisfy flow budget constraint condition in the form
Domestic block of the model is completed with a monetary policy rule in the form of modified Taylor rule, for the evolution of domestic nominal interest rates
where i ρ is a parameter of interest rate smoothing, π ψ is an elasticity of interest rate to inflation, y ψ is an elasticity of interest rate to output, and
ε is a monetary shock in the form of IID process.
Foreign Block
Foreign block is a closed economy version of that presented above. All variables and parameters have the same interpretation as in the domestic economy, and are distinguished from those of domestic economy by superscript "*". Intertemporal decisions of foreign households are described by Euler equation 
Estimation

Data
Quarterly data of CZ and EA 12 from 1 st quarter 1999 to 3 rd quarter of 2010 were downloaded from the database of Eurostat, http://ec.europa.eu/eurostat. : demeaned 100*log differences of real exchange rate, "Euro/ECU Exchange Rates -Quarterly Data, Average, National Currency (including 'euro fixed' series for euro area countries), Czech Koruna" is used as the measure of nominal exchange rate. 
Calibration and Priors
The model is formed by equations (1) - (21) prior means set to be 0.7 and prior std. deviations equal to 0.1, as in Smets and Wouters (2003) . Backward-looking parameters in AR1 processes for exogenous shocks are estimated with very loose priors, prior means equal to 0.5 and std. deviations equal to 0.2.
Model Comparison
Asymmetry of shocks and structural differences can be seen (in our context) as significant differences in values of some structural parameters. The question is when some difference can be regarded as significant. We adopt the approach presented in Kolasa (2009) which is based on a model comparison using Bayes factor. The idea which lies beneath this approach is as follows: structural parameters can be modeled as common for both economies, or as different for both economies. If there truly exists a significant difference in values of some parameters, than models which allow for difference in these parameters should fit the data better than models with common values of these parameters. I can compare unrestricted model with restricted model where selected parameters are modeled as common, and hence find out which model fits the data better. If I find that the unrestricted model fits the data better, I can say that there exist structural differences in those parameters. Next subsection describes the method adopted for the model comparison.
Bayes Factor
The model comparison is based on the Bayes factor (BF). The Bayes factor is a specific case of posterior odds (PO), when prior probabilities of competing models are set as equal. The Bayes factor of model i and j ( ij BF ) is a Bayesian statistic calculated from (log) marginal likelihood 1 (acquired from Bayesian estimation) as 
BF values
• 1-3 -"very slight evidence" • 3-10 -"slight evidence"
• 10-100 -"strong to very strong evidence" • 100 and higher -"decisive evidence"
This interpretation shows us how strong the evidence of the Bayes factor about that whether model i explains the data better then model j is. It is obvious that it holds We can see that there is almost no evidence in favor of heterogeneity in structural parameters related to household preferences. Although Bayes factor slightly favors the unrestricted variant before the variant with restriction on the inverse elasticity of labor supply ϕ (BF=1.29) and before the variant with restriction on the elasticity between domestic and foreign goods η (BF=1.15), these values of Bayes factor bring only very slight evidence in favor of heterogeneity in these parameters. Moreover, Bayes factor also favors the variant with restriction on all parameters related to household 1 Calculation of log marginal likelihood is based on the Laplace approximation. 2 It is more convenient to use log marginal likelihood because their numerical computation is much easier. In the following text I display my results using log marginal likelihood. 3 Similar interpretation can be found in Jeffreys (1961) or Kass and Raftery (1995) . preferences before unrestricted variant (BF=0.28). This value of Bayes factor brings slight evidence in favor of homogeneity in household preferences. 
Sources of Structural Differences
Note: Own calculations
Nevertheless, we should be careful to interpret this result as an evidence of quite homogenous household preferences. Parameters related to household preferences are known to be weakly identifiable, and the result of homogeneity can be just a reflection of common priors. A look on credible intervals of these parameters, see Table 4 , confirms this weak identifiability of parameters related to household preferences, especially in the case of inverse Frisch elasticities of labor supply ϕ and * ϕ . Therefore, results should be rather interpreted as I did not find substantial evidence in favor of heterogeneity in household preferences.
I found out that there are some differences between the Czech economy and Euro Area in the price and wage formation (BF=6.06), the greatest one being the degree of price indexation p δ , as suggested by Bayes factor (BF=5.41) and by the difference in their estimated values in the unrestricted variant ( p δ = 0.17 in CZ vs.
* p δ = 0.51 in EA). It seems that Czech firms index their prices less than their foreign counterparts do. It also suggests that inflation dynamics in the Euro Area is more adaptive and backwardlooking while inflation dynamics in the Czech economy is more characterized by forward-looking nature of price setting. Although Bayes factor favors the unrestricted variant before all variants with some restriction on price and wage formation, these values provide only slight evidence in favor of heterogeneity in price and wage formation.
As regards monetary policy rules, I find substantial difference in the degree of interest rate smoothing. Bayes factor brings the decisive evidence for this conclusion (BF=3.32*10 3 ), although estimated values of this parameter in the unrestricted variant do not differ so much ( i ρ = 0.93 in CZ vs.
* i ρ = 0.84 in EA). It seems that the ECB does not smooth their interest rates as much as the CNB does. Table 2 presents results for restrictions connected with structural shocks. Bayes factors bring strong evidence for difference in volatility of labor supply shocks (BF=39.62), and a very slight evidence for difference in volatility of preference shocks (BF=2.95). These two differences also contribute to almost strong evidence in favor of overall heterogeneity in volatility of structural shocks (BF=9.97).
Asymmetry of Shocks
The results for persistence of structural shocks are rather mixed. Estimated values of these parameters in the unrestricted variant seem to be substantially different between both economies, see Table 4 . Nevertheless, Bayes factor favors variants with restriction on the persistence of structural shocks before the unrestricted variant, which should suggest that there are no differences in persistence of structural shocks. However, adding restriction on persistence of structural shocks to the variant which also has a restriction on volatility of structural shocks significantly worsens the empirical data fit of this variant and leads to decisive evidence (BF=2.88*10 5 ) in favor of the unrestricted variant. It seems that there are substantial differences in overall persistence and volatility of structural shocks, however, this result reveals itself only in testing this joint hypothesis. I also compare the unrestricted variant with the variant, where corresponding shocks in both economies are modelled as uncorrelated, and with the variant where corresponding shocks in both economies are modelled as almost perfectly correlated. 1 Bayes factor favors the unrestricted variant before the variant with uncorrelated shocks (BF=168.29), and also strongly favors the unrestricted variant before the variant with almost perfectly correlated shocks (BF=7.76*10 48 ). It seems that allowing for correlations between corresponding shocks in both economies (and estimating these correlations) improves the data fit of DSGE models significantly.
According to the estimations of correlations between corresponding shocks, see Table 4 , we can say that the most correlated shocks are monetary shocks (cor=0.39) and preference shocks (cor=0.38). Correlations of these shocks are statistically significant on the significance level α = 0.01. Correlations of other shocks are not statistically significant even on the significance level α = 0.1. These results suggest that there exists a big asymmetry between shocks in the Czech economy and the Euro Area 12. However, we should be careful with this interpretation. Except for the monetary shocks and costpush shocks, the correlations are not between whole shocks (represented by AR1 processes) but only between innovations in these shocks. If I calculate correlations between smoothed AR1 processes representing these shocks, I get slightly different results. Correlations are now a little bit higher. Preference shocks are now highly correlated with correlation equal to 0.62, correlations of technology shocks and labor supply shocks are also higher, and for technology shocks it is equal to 0.34 and for labor supply shocks it is equal to 0.21. However, these values are still rather low which suggest a big asymmetry between shocks in the Czech economy and the Euro Area 12.
Impact of Structural Differences
Structural differences can be also seen as differences in the behaviour of both economies. I can compare the behaviour of both economies in responses to various shocks, by using impulse-response functions. Figure 2 displays impulse-response functions of selected variables to various shocks. I restrict my analysis to the three most important macroeconomic variables: output, inflation and interest rate. Every subfigure displays a response of the domestic variable to the domestic shock and a response of the foreign variable to the foreign shock of the same type.
1 I find it more meaningful to compare responses of domestic and foreign variables to shocks of the same type, where magnitude and persistence of these shocks is given by their estimated posterior means. Loosely speaking, I compare responses to shocks of the same type, with their average magnitude and persistence. This comparison covers structural differences as well as differences in persistence and volatility of structural shocks.
As regards preference shocks, it seems that there are no substantial differences in the behaviour of the main macroeconomic variables. Although magnitude of preference shocks is two times larger in the Czech economy than in the Euro Area 12, responses of examined variables show a very similar pattern. Nevertheless, the initial response of domestic output is larger than the initial response of foreign output, response of domestic inflation is a little bit larger and more persistent than response of foreign inflation, and response of domestic interest rate is a little bit more persistent than response of foreign interest rate.
On the other hand, responses of the main macroeconomic variables to technology shocks show substantial differences. Responses of domestic variables are much larger and display more gradual and hump-shaped pattern than responses of foreign variables. It is influenced by much larger volatility and persistence of domestic technology shocks.
Responses of the main macroeconomic variables to labor supply shocks are also different between both economies. Responses of foreign variables are much more gradual and sluggish than responses of domestic variables.
As regards monetary shocks, the response of the domestic output is larger than the response of the foreign output but the adjustment of the domestic output is more rapid. There is almost no response of the foreign inflation to foreign monetary shock while the response of domestic inflation to domestic monetary shock displays substantial decline followed by gradual recovery.
Volatility of cost-push shocks in the domestic economy is much larger than in the foreign economy. This contributes to the fact that responses of foreign variables to costpush shocks are larger and more volatile than responses of domestic variables.
Conclusion
I investigated asymmetric shocks and structural differences between the Czech economy and the Euro Area 12. At first, I examined asymmetry of shocks and sources of structural differences, using model comparison based on the Bayes factor. I did not find any substantial evidence in favor of heterogeneity in household preferences. I did find though some slight differences in price and wage formation and a substantial difference in interest rate smoothing. However, the main differences are in timing, persistence and volatility of structural shocks.
Apart from that, I also examined impact of structural differences and differences in persistence and volatility of structural shocks on the behavior of both economies, using analysis of impulse-response functions. As regards preference shocks, I found no substantial differences in the behaviour of the main macroeconomic variables. On the other hand, I did find much larger volatility and persistence of domestic technology shocks. This contributes to the fact that responses of domestic variables to technology shocks are much larger and display more gradual and hump-shaped pattern than responses of foreign variables. I also found out that responses of foreign variables to labour supply shocks are much more gradual and sluggish than responses of domestic variables. As regards monetary shocks, I discovered that there is almost no response of foreign inflation to foreign monetary shock while response of domestic inflation to domestic monetary shocks displays substantial decline followed by gradual recovery. Responses of foreign variables to cost-push shocks are larger and more volatile than responses of domestic variables. Table 3 
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